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II-NITRIDE LIGHT EMITTING DEVICE
WITH REDUCED STRAIN LIGHT EMITTING

LAYER
BACKGROUND
[0001] 1. Field of Invention
[0002] The present invention relates to growth techniques

and device structures for semiconductor light emitting
devices.

[0003] 2. Description of Related Art

[0004] Semiconductor light-emitting devices including
light emitting diodes (LEDs), resonant cavity light emitting
diodes (RCLEDs), vertical cavity laser diodes (VCSELs),
and edge emitting lasers are among the most efficient light
sources currently available. Materials systems currently of
interest in the manufacture of high-brightness light emitting
devices capable of operation across the visible spectrum
include Group III-V semiconductors, particularly binary, ter-
nary, and quaternary alloys of gallium, aluminum, indium,
and nitrogen, also referred to as [II-nitride materials. Typi-
cally, IlI-nitride light emitting devices are fabricated by epi-
taxially growing a stack of semiconductor layers of different
compositions and dopant concentrations on a suitable sub-
strate by metal-organic chemical vapor deposition
(MOCVD), molecular beam epitaxy (MBE), or other epi-
taxial techniques. The stack often includes one or more n-type
layers doped with, for example, Si, formed over the substrate,
a light emitting or active region formed over the n-type layer
or layers, and one or more p-type layers doped with, for
example, Mg, formed over the active region. II-nitride
devices formed on conductive substrates may have the p- and
n-contacts formed on opposite sides of the device. Often,
III-nitride devices are fabricated on insulating substrates with
both contacts on the same side of the device.

SUMMARY

[0005] In embodiments of the invention, a III-nitride light
emitting device includes a strain-relieved layer designed to
reduce strain in the device, in particular in the light emitting
layer. Reducing the strain in the light emitting device may
improve the performance of the device. The surface on which
the strain-relieved layer is grown is configured such that
strain-relieved layer grows only on portions of the surface,
providing space for the strain-relieved layer to expand later-
ally and at least partially relax. In some embodiments of the
invention, the strain-relieved layer is grown over a textured
semiconductor layer or a mask layer. In some embodiments of
the invention, the strain-relieved layer is group of posts of
semiconductor material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG.1 illustrates a portion of a light emitting device
with a strain-relieved light emitting layer grown on a textured
layer.

[0007] FIG. 2 illustrates a portion of a light emitting device

with a light emitting layer grown over a strain-relieved layer
grown on a textured layer.

[0008] FIG. 3 illustrates a portion of a light emitting device
with a light emitting layer grown over a mask.

[0009] FIG. 4 illustrates a portion of a light emitting device
with a light emitting layer grown within a group of posts of
semiconductor material.
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[0010] FIG. 5 illustrates a portion of a light emitting device
with a light emitting layer grown over a coalesced layer
grown over a group of posts of semiconductor material.
[0011] FIGS. 6 and 7 illustrate portions of light emitting
devices with light emitting layers grown over groups of posts
of semiconductor material and with resistive material electri-
cally isolating regions of n- and p-type material.

[0012] FIG. 8 illustrates a portion of a flip chip light emit-
ting device from which the growth substrate has been
removed.

[0013] FIG. 9 is an exploded view of a packaged light
emitting device.
[0014] FIGS. 10 and 11 illustrate portions of light emitting

devices with conformal light emitting layers grown over poly-
hedrons grown over openings in a mask.

DETAILED DESCRIPTION

[0015] The performance of a semiconductor light emitting
device may be gauged by measuring the internal quantum
efficiency, which measures the number of photons generated
in the device per electron supplied to the device. As the
current density applied to a conventional Ill-nitride light
emitting device increases, the internal quantum efficiency of
the device initially increases, then decreases. As the current
density increases past zero, the internal quantum efficiency
increases, reaching a peak at a given current density (for
example, at about 10 A/cm? for some devices). As current
density increases beyond the peak, the internal quantum effi-
ciency initially drops quickly, then the decrease slows at
higher current density (for example, beyond 200 A/cm? for
some devices).

[0016] One technique to reduce or reverse the drop in quan-
tum efficiency at high current density is to form thicker light
emitting layers. For example, a light emitting layer config-
ured to emit light at 450 nm is preferably thicker than 50 A.
The charge carrier density in a thicker light emitting layer
may be less than the charge carrier density in a quantum well,
which may reduce the number of carriers lost to nonradiative
recombination and thereby increase the external quantum
efficiency. However, growth of thick III-nitride light emitting
layers is difficult because of the strain in I1I-nitride device
layers.

[0017] Since native [1I-nitride growth substrates are gener-
ally expensive, not widely available, and impractical for
growth of commercial devices, [II-nitride devices are often
grown on sapphire or SiC substrates. Such non-native sub-
strates have different lattice constants than the bulk lattice
constants of the Ill-nitride device layers grown on the sub-
strate, resulting in strain in the I1I-nitride layers grown on the
substrate. As used herein, an “in-plane” lattice constant refers
to the actual lattice constant of a layer within the device, and
a “bulk” lattice constant refers to the lattice constant of
relaxed, free-standing material of a given composition. The
amount of strain in a layer is the difference between the
in-plane lattice constant of the material forming a particular
layer and the bulk lattice constant of the layer in the device,
divided by the bulk lattice constant of the layer.

[0018] When a Ill-nitride device is conventionally grown
on Al,Oj, the first layer grown on the substrate is generally a
GaN buffer layer with an in-plane a-lattice constant of about
3.1885 A. The GaN buffer layer serves as a lattice constant
template for the light emitting region in that it sets the lattice
constant for all of the device layers grown over the buffer
layer, including the InGaN light emitting layer. Since the bulk
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lattice constant of InGaN is larger than the in-plane lattice
constant of the GaN buffer layer template, the light emitting
layer is strained when grown over a GaN buffer layer. For
example, a light emitting layer configured to emit light of
about 450 nm may have a composition In, , Ga, 44N, a com-
position with a bulk lattice constant of 3.242 A. As the InN
composition in the light emitting layer increases, as in devices
emitting light at longer wavelengths, the strain in the light
emitting layer also increases.

[0019] If the thickness of the strained layer increases
beyond a critical value, dislocations or other defects form
within the layer to reduce the energy associated with the
strain. The defects become nonradiative recombination cen-
ters which can considerably reduce the quantum efficiency of
the device. As a result, the thickness of the light emitting layer
must be kept below this critical thickness. As the InN com-
position and peak wavelength increase, the strain in the light
emitting layer increases, thus the critical thickness of a light
emitting layer decreases.

[0020] Even if the thickness of the light emitting layer is
kept below the critical thickness, InGaN alloys are thermo-
dynamically unstable at certain compositions and tempera-
tures. For example, at temperatures typically used for InGaN
growth, the alloy may exhibit spinodal decomposition, where
a compositionally uniform InGaN layer transforms into a
layer with regions of higher-than-average InN composition
and regions of lower-than-average InN composition. Spin-
odal decomposition in an InGaN light emitting layer creates
nonradiative recombination centers which may reduce the
quantum efficiency of the device. The problem of spinodal
decomposition worsens as the thickness of the light emitting
layer increases, as the average InN composition in the light
emitting layer increases, and/or as the strain in the light emit-
ting layer increases. For example, in the case of a light emit-
ting layer grown over a sapphire substrate and configured to
emit light at 450 nm, the combination of an InN composition
of 16% and the preferred thickness of greater than 50 A
exceeds the spinodal decomposition limit.

[0021] Accordingly, as described above, it is desirable to
increase the thickness of the light emitting layer to reduce or
eliminate the drop in quantum efficiency that occurs as the
current density increases. It is necessary to reduce the strain in
the light emitting layer in order to grow a thicker light emit-
ting layer, to keep the number of defects within an acceptable
range by increasing the critical thickness, and to increase the
thickness at which layer can be grown without spinodal
decomposition. Embodiments of the invention are designed
to reduce strain in the device layers of a III-nitride device, in
particular in the light emitting layer.

[0022] Inaccordance with embodiments of the invention, at
least partial strain reliefin a light emitting layer of a III-nitride
light emitting device is provided by configuring the surface
on which at least one layer of the device grows such that the
layer expands laterally and thus at least partially relaxes. This
layer is referred to as the strain-relieved layer. In a conven-
tional device, all the layers in the device are grown thin
enough that they are strained, thus the first single crystal layer
grown over the growth substrate sets the lattice constant for
each strained layer in the device. In embodiments of the
invention, the strain-relieved layer at least partially relaxes,
such that the lattice constant in the strain-relieved layer is
larger than the lattice constant of the layer grown before the
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strain-relieved layer. The strain-relieved layer thus expands
the lattice constant for the layers grown subsequent to the
strain-relieved layer.

[0023] Insome embodiments, the light emitting layer itself
is the strain-relieved layer, meaning that the light emitting
layer is grown on a surface that allows the light emitting layer
to expand laterally to relieve strain. In some embodiments, a
layer grown before the light emitting layer is the strain-re-
lieved layer. In a first group of embodiments, the strain-
relieved layer is grown on a textured surface. In a second
group of embodiments, the strain-relieved layer is grown
within or over posts of [[I-nitride material, often referred to as
nanowires or nanocolumns.

[0024] Inthe embodiments described below, the III-nitride
light emitting device includes an n-type region typically
grown first over a suitable growth substrate. The n-type region
may include multiple layers of different compositions and
dopant concentration including, for example, preparation lay-
ers such as buffer layers or nucleation layers which may be
n-type or not intentionally doped, release layers designed to
facilitate later release of the growth substrate or thinning of
the semiconductor structure after substrate removal, and
n-type device layers designed for particular optical or elec-
trical properties desirable for the light emitting region to
efficiently emit light.

[0025] A light emitting region is grown over the n-type
region. Though the embodiments below may refer to a single
light emitting layer, it is to be understood that any of the
embodiments below may include a light emitting region with
one or more thick or thin light emitting layers. Examples of
suitable light emitting regions include a single thick or thin
light emitting layer and a multiple quantum well light emit-
ting region including multiple thin or thick quantum well light
emitting layers separated by barrier layers.

[0026] In some embodiments, the thickness of each of the
light emitting layers in the device is preferably thicker than 50
A. In some embodiments, the light emitting region of the
device is a single, thick light emitting layer with a thickness
between 50 and 600 A, more preferably between 100 and 250
A. The optimal thickness may depend on the number of
defects within the light emitting layer. The concentration of
defects in the light emitting region is preferably limited to less
than 10° cm~2, more preferably limited to less than 10® cm™2,
more preferably limited to less than 107 cm™>, and more
preferably limited to less than 10° cm™2.

[0027] In some embodiments, at least one light emitting
layer in the device is doped with a dopant such as Si to a
dopant concentration between 1x10"® cm™= and 1x10*° cm™>.
Si doping may influence the in-plane a lattice constant in the
light emitting layer, potentially further reducing the strain in
the light emitting layer.

[0028] A p-type region is grown over the light emitting
region. Like the n-type region, the p-type region may include
multiple layers of different composition, thickness, and
dopant concentration, including layers that are not intention-
ally doped, or n-type layers.

[0029] FIG. 1 illustrates an embodiment of the invention
where a strain-relieved light emitting layer is grown over the
textured surface of a semiconductor layer. In the device of
FIG. 1, an n-typeregion 11 having an in-plane lattice constant
a, is grown over a growth substrate 20. The top surface of
n-type region 11, which may be, for example, GaN, InGaN,
AlGaN, or AllnGaN, is textured. A strain-relieved light emit-
ting layer 12 having an in-plane lattice constant a, is then
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grown over the textured surface. A p-type region 13, which
also has an in-plane lattice constant a,, is grown over light
emitting layer 12.

[0030] The surface of n-type region 11 is textured with a
controlled, rough surface, such as, for example, with features
having a cross sectional profile of peaks alternating with
valleys. The distance between adjacent peaks may be 50 to
200 nm, more preferably 50 to 100 nm. The depth from the top
of'a peak to the bottom of a valley may be less than 200 nm,
more preferably less than 100 nm. Features of appropriate
size, depth, and spacing may be formed by, for example,
conventional photolithographic etching, sputter etching, pho-
toelectrochemical etching, or by an in situ process wherein
the crystalline material is grown textured, such as by growth
at elevated pressure. When the features are appropriately
sized, the InGaN material of light emitting layer 12 preferen-
tially grows on the peaks as a group of islands. Since initially
the islands do not cover the entire surface of textured n-type
region 11, the islands may expand laterally such that light
emitting layer 12 atleast partially relaxes. The in-plane lattice
constant a, of strain-relieved light emitting layer 12 is larger
than the in-plane lattice constant a, of n-type region 11.
[0031] FIG. 2illustrates a variation of the device of FIG. 1,
where the layer grown on the textured surface in order to
provide strain relief is not light emitting layer 12, rather it is
an n-type layer 21 grown over n-type region 11 before light
emitting layer 12. As in the device of FIG. 1, an n-type region
11 having an in-plane lattice constant a, is grown over a
growth substrate 20. The top surface of n-type region 11 is
textured as described in reference to FIG. 1. A second n-type
region 21, which may be GaN, InGaN, AlGaN, or AllnGaN,
is grown over the textured surface of n-type region 11. As
n-type region 21 begins to grow, the Ill-nitride material of
n-type region 21 preferentially grows on the peaks of the
textured surface of n-type region 11 as a group of islands. The
islands of material may expand laterally and at least partially
relax, such that the in-plane lattice constant a, of n-type
region 21 is larger than the in-plane lattice constant a; of
n-type region 11. The layers grown over strain-relieved
region 21, including light emitting layer 12 and p-type region
13, replicate the larger in-plane lattice constant a, of strain-
relieved region 21.

[0032] FIG. 3 illustrates an embodiment of the invention
where a strain-relieved layer is grown over a mask. In the
device of FIG. 3, an n-type region 14 having a lattice constant
a, is grown over a growth substrate 20. The surface of n-type
region 14 is treated with a silicon precursor such as silane
such that the surface is partially covered with silicon nitride
material SiN, and partially exposed in small openings in the
silicon nitride, creating a mask. The exposed regions may
have a lateral extent of 10 to 200 nm, more preferably 50 to
150 nm, and more preferably smaller than 100 nm.

[0033] A light emitting region 17 is grown over the mask.
The material of light emitting region 17 preferentially grows
on the openings 16 in mask material 15, on the exposed the
surface of n-type region 14. The islands of light emitting layer
material can expand laterally and at least partially relax, such
that the in-plane lattice constant a, of light emitting region 17
is larger than the in-plane lattice constant a, of n-type region
14. A p-type region 18, also having an in-plane lattice con-
stant a,, is grown over light emitting region 17. As in the
devices shown in FIGS. 1 and 2, light emitting region 17 need
not be grown directly over the mask, rather a second n-type

Jun. 26, 2008

region of, for example GaN, InGaN, AlGaN, or AllnGaN,
may be grown first on the mask, followed by light emitting
region 17.

[0034] Inthe embodiments illustrated in FIGS. 1, 2, and 3,
where the light emitting layer is grown over a textured inter-
face such as the textured layers in FIGS. 1 and 2 or the mask
layer in FIG. 3, the textured interface is generally located
close to the light emitting layer. In some embodiments, the
textured interface is within 1000 A of at least a portion of the
light emitting layer.

[0035] FIGS.4,5,6,and7 illustrate devices including posts
of semiconductor material. In FIG. 4, an n-type region 22 is
grown over a substrate 20. Over planar n-type region 22, a
mask layer 24 such as the SiN, mask described above is
formed. In the openings between islands of mask material,
posts of semiconductor material are grown. In some embodi-
ments, the growth temperature of the posts of semiconductor
material is kept below a temperature at which the GaN mate-
rial between the islands of masked material begins to decom-
pose, 1000 ° C. in some applications. The posts of semicon-
ductor material may be grown within a more narrow
temperature range than a planar layer grown over a mask, as
in FIG. 3, and under conditions that favor slow growth, in
order to form posts of semiconductor material rather than the
substantially planar layer of FIG. 3. For example, posts may
be grown at a growth temperature between 900 and 1000° C.,
at a growth rate less than 0.5 A/s, and at a ratio of group V
precursors to group III precursors greater than 4000. Planar
material may be grown at temperatures greater than 1000° C.
and less than 900° C., at faster growth rates, and at different
precursor ratios. Posts 26 of n-type material are grown first,
followed by posts 28 of light emitting region material, fol-
lowed by posts 30 of p-type material.

[0036] After p-type posts 30 are grown, the growth condi-
tions are changed, for example by introducing or increasing
the flow of a dopant precursor such as a Mg-dopant precursor,
by decreasing the flow of nitrogen precursor (generally NH;),
and by increasing the growth rate, such that inverted pyramids
are formed over the posts, which pyramids eventually coa-
lesce to form a planar layer 32 over the posts and spaces 25
between the posts.

[0037] The dimensions of the posts of III-nitride material
are selected such that the posts may expand laterally to
accommodate the difference in lattice constant between lay-
ers of different composition within the posts. For example,
the diameter of the posts may be limited to less than 500 nm,
more preferably less than 200 nm. Diameters as small as 10
nm may be possible. Diameters between 50 and 150 nm, for
example in area of 100 nm, are likely. The diameter is selected
to be small enough such that the material in the posts can at
least partially relax, and large enough that there is an accept-
ably high fill factor of light emitting layer material. The posts
need not have a constant diameter, as illustrated in F1G. 4. For
example, the posts may be truncated pyramids. In some
embodiments, the fill factor is at least 90%, meaning that as
grown, the posts occupy at least 90% of the lateral extent of
the semiconductor structure of the device. The fill factor is
determined by both the diameter of the posts and the spacing
between the posts. If the diameter of the posts is reduced, the
number density of posts must increase to maintain a given fill
factor. In some embodiments, the number density of posts is
at least 10 cm™2.

[0038] The height of the posts may range from 50 nm to 3
um. In a device with a single light emitting layer, heights



US 2008/0149942 Al

between 50 and 150 nm, for example of 100 nm, are likely. In
a device with a multiple quantum well light emitting region,
heights between 200 nm and 1 pum, for example of 500 nm, are
likely. Light emitting region 28 within the posts may be at
least partially relaxed.

[0039] In some embodiments, in the device illustrated in
FIG. 4, the light emitting regions in different posts in a single
device may be formed to emit different wavelengths of light.
For example, some of the posts in the device may be config-
ured to emit reddish light, some of the posts in the device may
be configured to emit greenish light, and some of the posts in
the device may be configured to emit bluish light, such that
the combined red, green, and blue light appears white.
[0040] The emission wavelength of a light emitting regions
depends on the InN composition: the more InN in an InGaN
light emitting layer, the longer the emission wavelength. In
conventional devices with planar, uninterrupted light emit-
ting layers, the strain in the light emitting layer limits the
amount of InN that may be incorporated into the light emit-
ting layer. In general, planar InGaN light emitting layers that
emit blue light may be grown at higher quality than planar
InGaN light emitting layers that emit green light. It is
extremely difficult to grow a planar InGaN light emitting
layer of high enough quality that emits light at a longer
wavelength than green. Since a light emitting region grown
within a post as illustrated in FIG. 4 may at least partially
relax, more InN may be incorporated during growth than in a
conventional strained planar layer. The more relaxed the
material in the post, the more InN may be incorporated in the
light emitting layer.

[0041] The inventors have grown structures with posts
including at least one InGaN layer. The structures were char-
acterized by photoluminescence, which showed the emission
wavelength from the InGaN material was significantly red-
shifted from conventional planar growth. Emission wave-
lengths between 430 nm and 750 nm, representing colors
from blue to red including green and yellow, have been
achieved.

[0042] Insome embodiments, the InN composition in indi-
vidual posts is controlled by controlling the diameter of the
posts. The smaller the diameter of a post, the more relaxed the
material in the post, thus the more InN is incorporated during
growth of the light emitting region. For example, in a device
with posts varying in diameter from about 10 nm to about 150
nm, the posts with diameters in the range of 10 nm are
expected to be the most relaxed, have light emitting regions
with the highest InN compositions, and emit the longest
wavelength, most red light. The posts with diameters in the
range of 150 nm are expected to be less relaxed, have light
emitting regions with lower InN compositions, and emit
shorter wavelength, more blue light.

[0043] In order to make a device that emits white light,
there must be a controlled number of posts emitting light in
each region of the visible spectrum. As described above, the
wavelength of light emitted by each post may be controlled by
controlling the diameter of the post. To ensure that there are
sufficient numbers of each post of a given diameter and cor-
responding emission wavelength, mask layer 24 may be pat-
terned, for example by a nano-imprinting lithography tech-
nique, to form a plurality of openings with the desired
diameters. Though a device emitting white light is used as an
example, it is to be understood that the emission spectrum
from the device can be tailored to other colors of light by
patterning mask 24 with openings of the appropriate size.
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[0044] A device where different posts emit difterent colors
of' light such that the combined light appears white may offer
benefits over a conventional white-light device, where a blue-
emitting semiconductor light emitting device is combined
with one or more wavelength converting materials such as
phosphors such that the phosphor-converted light combines
with unconverted blue light leaking through the phosphor to
form white light. A device with posts emitting different colors
of light may reduce manufacturing complexity, since it does
not require forming wavelength converting layers after form-
ing the device; may offer improved control of chromaticity,
color temperature, and color rendering, since the emission
spectrum is potentially more easily controlled; may be more
efficient, for example by eliminating inefficiencies associated
with wavelength converting materials; may be less expensive
to manufacture, since expensive wavelength converting mate-
rials are no longer required; and may offer greater flexibility
in tailoring the emission spectrum.

[0045] In the device of FIG. 5, a strain-reduced light emit-
ting layer is grown over a layer coalesced over a group of
semiconductor posts. An n-type region 22 having an in-plane
lattice constant a, is grown over a substrate 20. Over the
planar n-type region 22, a mask layer 24 such as the SiN_
mask described above is formed. In the openings between
islands of mask material, posts of n-type material 26 are
grown. The posts are grown such that the diameter is small
enough that the posts may expand laterally and thus at least
partially relax, as described above. When growth conditions
are altered such that an n-type region 34 coalesces over posts
26, n-type region 34 retains the in-plane lattice constant of the
at least partially relaxed posts and thus has an in-plane lattice
constant a, which is larger than the in-plane lattice constant a,
of n-type region 22. A light emitting region 36 and p-type
region 38, both of which replicate the in-plane lattice constant
a,, are grown over n-type region 34.

[0046] As n-type region 34 coalesces over posts 26, suture
defects 27 may form where the material growing over two
posts comes together. Defects 27 may be replicated through
light emitting region 36 and p-type region 38 and may reduce
efficiency or cause reliability problems. FIGS. 6 and 7 illus-
trate embodiments of the invention designed to eliminate
suture defects or reduce the number of suture defects.
[0047] Inthe device of FIG. 6, an n-type region 22 is grown
over substrate 20, then a mask 24 is formed and n-type posts
26 are grown as described above, such that posts 26 at least
partially relax. A conformal layer of resistive material 40 is
formed over posts 26. Resistive layer 40 may be, for example,
epitaxially grown resistive GaN such as GaN doped with Zn
or Fe, or a resistive oxide such as an oxide of silicon. The
resistive layers formed over the tops of posts 26 are then
removed by conventional lithography, such that resistive
material 40 remains only in the spaces between posts 26.
Light emitting regions 42 are then grown as posts over the
exposed tops of posts 26, followed by a p-type region 44
which coalesces over light emitting regions 42. Resistive
regions 40 electrically isolate n-type regions 22 and 26 from
p-type region 44.

[0048] Inthe device of FIG. 7, an n-type region 22 is grown
over substrate 20, then a mask 24 is formed and n-type posts
26 are grown as described above, such that posts 26 at least
partially relax. A conformal layer of undoped InGaN 46 is
grown over posts 26, then growth conditions are switched to
conditions favoring post growth in order to grow posts of
doped light emitting region 48 over the tops of the regions of
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conformal layer 46 over posts 26. A p-type region 52 is then
grown which coalesces over light emitting regions 48. Dop-
ing of the light emitting region islands 48 results in a lower
breakdown voltage than the undoped InGaN regions 46
between posts 26, thus n-type regions 22 and 26 are electri-
cally isolated from p-type region 52.

[0049] Insomeembodiments, after growth of light emitting
region islands 48, an ion implantation step renders regions 50
between posts 26 nonconductive. After implantation, the ion
damaged InGaN regions 46 over the tops of posts 26 may be
removed by etching. In such embodiments, light emitting
region islands 48 are grown directly over posts 26.

[0050] Inembodiments illustrated in FIGS. 10 and 11, as in
FIG. 4, an n-type region 22 is grown over a substrate 20. Over
planar n-type region 22, a mask layer 24 such as the SiN_
mask described above is formed. In the openings 80 between
islands of mask material, polyhedrons 82 of semiconductor
material are grown. Like the posts shown in FIGS. 4 and 5,
since polyhedrons 82 are grown in openings 80 between
islands of mask material, polyhedrons 82 are able to expand
laterally and are therefore at least partially relaxed. Polyhe-
drons 82 thus have a lattice constant a, larger than the lattice
constant a, of planar layer 22. In some embodiments, the
diameter of openings 80 may be limited to less than 500 nm,
more preferably less than 200 nm. Diameters as small as 10
nm may be possible. Diameters between 50 and 150 nm, for
example in area of 100 nm, are likely. The diameter of open-
ings 80 is selected to be small enough such that the material in
polyhedrons 82 can at least partially relax. As in FIG. 4, mask
24 may be formed such that the fill factor is at least 90%,
meaning that as grown, the bases of polyhedrons 82 occupy at
least 90% of the lateral extent of the semiconductor structure
of the device.

[0051] At least one light emitting layer 84 is grown over
polyhedrons 82 such that the material in light emitting layer
84 replicates the expanded lattice constant a, of polyhedrons
82. A p-type region is then grown over light emitting layer 84.
In the device illustrated in FIG. 10, p-type region 86 prefer-
entially grows over polyhedrons 82. Growth is stopped before
the region between adjacent polyhedrons, covered by mask
24, is filled in. A thick metal layer (not shown) may be
deposited over the polyhedrons to form a planar surface.
Insulating mask layer 24 provides electrical isolation
between the metal contacting the p-type material and the
n-type region of the semiconductor in the regions between
openings 80. In the device illustrated in FIG. 11, growth of
p-type region 88 continues until the regions between adjacent
polyhedrons are filled in, resulting in a substantially planar
p-type layer.

[0052] The light emitting layers in the embodiments
described above may have larger in-plane a-lattice constants
than light emitting layers grown on conventional GaN tem-
plates, which typically have in-plane a-lattice constants no
larger than 3.1885 A. Growth of the light emitting layer as or
over a strain-relieved layer may increase the in-plane lattice
constant to greater than 3.189 A, and may thus sufficiently
reduce the strain in the light emitting layer to permit thicker
light emitting layers to be grown with acceptable defect den-
sities and with reduced spinodal decomposition. In some
embodiments, the in-plane a-lattice constant in the light emit-
ting layer may be increased to at least 3.195 A, more prefer-
ably to at least 3.2 A. For example, an InGaN layer that emits
blue light may have the composition In, ;,Ga, 33N, a com-
position with a bulk lattice constant of 3.23 A. The strain in
the light emitting layer is the difference between the in-plane
lattice constant in the light emitting layer (about 3.189 A for
light emitting layer grown on a conventional GaN buffer
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layer) and the bulk lattice constant the light emitting layer,
thus strain may be expressed as (a,,, ,1ume-3p.)/3pu- 10 the
case of a conventional In,, | ,Ga,, 5N layer, the strain is (3.189
A-3.23 A)3.23 A, about 1.23%. If a light emitting layer of the
same composition is grown according to the embodiments
described above, the strain may be reduced or eliminated. In
some embodiments of the invention, the strain in the light
emitting layer of a device emitting light between 430 and 480
nm may be reduced to less than 1%, and more preferably to
less than 0.5%. An InGaN layer that emits cyan light may
have the composition In,,sGa, 3N, a composition with
strain of about 1.7% when grown on a conventional GaN
buffer layer. In some embodiments of the invention, the strain
in the light emitting layer of a device emitting light between
480 and 520 nm may be reduced to less than 1.5%, and more
preferably to less than 1%. An InGaN layer that emits green
light may have the composition In,, ,Ga, N, a composition
with a free standing lattice constant of 3.26 A, resulting in
strain of about 2.1% when grown on a conventional GaN
buffer layer. In some embodiments of the invention, the strain
in the light emitting layer of a device emitting light between
520 and 560 nm may be reduced to less than 2%, and more
preferably to less than 1.5%.

[0053] The semiconductor structures illustrated and
described above may be included in any suitable configura-
tion of a light emitting device, such as a device with contacts
formed on opposite sides of the device or a device with both
contacts formed on the same side of the device. When both
contacts are disposed on the same side, the device may be
formed either with transparent contacts and mounted such
that light is extracted either through the same side on which
the contacts are formed, or with reflective contacts and
mounted as a flip chip, where light is extracted from the side
opposite the side on which the contacts are formed.

[0054] FIG. 8 illustrates a portion of one example of a
suitable configuration, a flip chip device from which the
growth substrate has been removed. A portion of p-type
region 66 and light emitting region 64 is removed to form a
mesa that exposes a portion of n-type region 62. Though one
via exposing n-type region 62 is shown in FIG. 8, it is to be
understood that multiple vias may be formed in a single
device. N- and p-contacts 70 and 68 are formed on the
exposed parts of n-type region 62 and p-type region 66, for
example by evaporating or plating. Contacts 68 and 70 may
be electrically isolated from each other by air or a dielectric
layer. After contact metals 68 and 70 are formed, a wafer of
devices may be diced into individual devices, then each
device is flipped relative to the growth direction and mounted
on a mount 73, in which case mount 73 may have a lateral
extent larger than that of the device. Alternatively, a wafer of
devices may be connected to a wafer of mounts, then diced
into individual devices. Mount 73 may be, for example, semi-
conductor such as Si, metal, or ceramic such as AIN, and may
have at least one metal pad 71 which electrically connects to
p-contacts 68 and at least one metal pad 72 which electrically
connects to the n-contacts 70. Interconnects (not shown) such
as solder or gold stud bumps, connect the semiconductor
device to mount 73.

[0055] After mounting, the growth substrate (not shown) is
removed by a process suitable to the substrate material, such
as etching or laser melting. A rigid underfill may be provided
between the device and mount 73 before or after mounting to
support the semiconductor layers and prevent cracking during
substrate removal. A portion of the semiconductor structure
may be removed by thinning after removing the substrate.
The exposed surface of n-type region 62 may be roughened,
for example by an etching process such as photoelectro-
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chemical etching or by a mechanical process such as grind-
ing. Roughening the surface from which light is extracted
may improve light extraction from the device. Alternatively, a
photonic crystal structure may be formed in the top surface of
n-type region 62 exposed by removing the grown substrate. A
structure 74 such as a phosphor layer or secondary optics
known in the art such as dichroics or polarizers may be
applied to the emitting surface.

[0056] FIG. 9 is an exploded view of a packaged light
emitting device, as described in more detail in U.S. Pat. No.
6,274,924. A heat-sinking slug 100 is placed into an insert-
molded leadframe. The insert-molded leadframe is, for
example, a filled plastic material 105 molded around a metal
frame 106 that provides an electrical path. Slug 100 may
include an optional reflector cup 102. The light emitting
device die 104, which may be any of the devices described in
the embodiments above, is mounted directly or indirectly via
a thermally conducting submount 103 to slug 100. A cover
108, which may be an optical lens, may be added.

[0057] Having described the invention in detail, those
skilled in the art will appreciate that, given the present dis-
closure, modifications may be made to the invention without
departing from the spirit of the inventive concept described
herein. Therefore, it is not intended that the scope of the
invention be limited to the specific embodiments illustrated
and described.

1. A device comprising:

a [1I-nitride semiconductor structure comprising:

a light emitting layer disposed between an n-type region
and a p-type region; and

atextured surface disposed within 1000 angstroms of the
light emitting layer.

2. The device of claim 1 wherein the light emitting layer is
adjacent to the textured surface.

3. The device of claim 1 wherein the textured surface is
disposed within the n-type region.

4. The device of claim 1 wherein the textured surface
comprises features lithographically formed on a II-nitride
layer such that the features have a cross sectional profile
resembling peaks separated by valleys.

5. The device of claim 4 wherein a largest lateral extent
between two adjacent peaks is less than 200 nm.

6. The device of claim 1 wherein the textured layer com-
prises a layer of insulating material disposed within the semi-
conductor structure, wherein a plurality of openings are dis-
posed in the insulating material.

7. The device of claim 6 wherein the insulating material
comprises at least one nitride of silicon.

8. The device of claim 6 wherein a largest lateral extent of
one of the openings is less than 200 nm.

9. The device of claim 6 wherein a largest lateral extent of
one of the openings is less than 100 nm.

10. The device of claim 1 wherein:

the light emitting layer has bulk lattice constant a,, ;. cor-

responding to a lattice constant of a free standing mate-
rial of a same composition as the light emitting layer;
the light emitting layer has an in-plane lattice constant
e corresponding to a lattice constant of the light
emitting layer as grown in the structure; and

(- prane8puai) g,z 15 less than 1%.

11. The device of claim 1 wherein the light emitting layer
has a thickness greater than 50 angstroms.
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12. The device of claim 1 wherein the light emitting layer
is doped with silicon to a_dopant concentration between
1x10 em™ and 1x10*°cm™>.

13. The device of claim 1 further comprising:

contacts electrically connected to the n-type region and the

p-type region; and

a cover disposed over the III-nitride semiconductor struc-

ture.

14. A device comprising:

a mask layer having a plurality of openings;

a [I-nitride structure comprising:

a plurality of posts of semiconductor material corre-
sponding to the openings in the mask layer, wherein
the plurality of posts are separated by an insulating
material, and wherein at least 90% of a cross section
of' the plurality of posts in a plane parallel to a surface
of the mask layer is occupied by posts;

a light emitting layer disposed between an n-type region
and a p-type region.

15. The device of claim 14 wherein the mask layer com-
prises silicon and nitrogen.

16. The device of claim 14 wherein each of the posts has a
diameter less than 150 nm.

17. The device of claim 14 wherein the light emitting layer
is disposed within the posts.

18. The device of claim 14 further comprising a planar
layer of p-type semiconductor material disposed over the
plurality of posts.

19. The device of claim 14 further comprising a planar
layer of n-type semiconductor material disposed over the
plurality of posts.

20. The device of claim 14 wherein the posts have a height
between 50 nm and 3 pm.

21. The device of claim 14 wherein the insulating material
is one of air, a resistive 11I-nitride material, and an oxide of
silicon.

22. The device of claim 14 wherein the posts are truncated
polyhedrons.

23. The device of claim 14 wherein the posts are polyhe-
drons.

24. The device of claim 14 wherein the light emitting layer
is a conformal layer formed over the polyhedrons.

25. The device of claim 14 wherein:

the light emitting layer has bulk lattice constant a,,;, cor-

responding to a lattice constant of a free standing mate-

rial of a same composition as the light emitting layer;
the light emitting layer has an in-plane lattice constant
sl corresponding to a lattice constant of the light
emitting layer as grown in the structure; and

(8- prane8puu)@pp 18 less than 1%.

26. The device of claim 14 wherein the light emitting layer
has a thickness greater than 50 angstroms.

27. The device of claim 14 wherein the light emitting layer
is doped with silicon to a dopant concentration between
1x10 em™ and 1x10*°cm™=>.

28. The device of claim 14 further comprising:

contacts electrically connected to the n-type region and the

p-type region; and

a cover disposed over the Ill-nitride semiconductor

structure.



